ABSTRACT: The effect of nutrient addition on prophage induction in marine water samples was investigated during a 2001 research cruise in the Gulf of Mexico. To test the hypothesis that prophage induction could be stimulated by nutrient addition, water samples were treated with inorganic and organic nutrients in combination with mitomycin C (1.0 µg ml -1 ) or with the nutrient alone as controls. An increase in phage abundance was observed at 3 stations in response to additions of PO 4 3 -(mesotrophic Mississippi River plume, oligotrophic surface-water, and Dry Tortugas stations), NH 4 + (oligotrophic surface-water station), and several organic compounds (oligotrophic surface-water station). Augmented phage production occurred in both the presence and absence of mitomycin C, indicating that inorganic and organic nutrient addition did not appear to stimulate prophage induction. These results suggest that nutrient amendment of environmental samples caused a stimulation of lytic phage production that may have resulted from a stimulation of host-cell growth. However, these results do not preclude nutrient stimulation of prophage induction at other times of the year or in other oceanic environments, which were not examined in this study.
INTRODUCTION
Viruses that infect bacteria (bacteriophages) are now known to be the most abundant organisms in the marine environment, often exceeding bacteria by 1 to 2 orders of magnitude. Viral abundances can range from <10 4 to >10 8 ml -1 , with the highest abundances occurring in eutrophic areas of the marine environment (i.e. coastal regions) and the lowest abundances in oligotrophic areas (i.e. open ocean) (Wommack & Colwell 2000) .
Phage lysis of bacteria has important global implications for the cycling of carbon through microbial-based food webs in the marine environment. Viral-mediated cell lysis liberates dissolved organic carbon (DOC) into the surrounding environment, essentially preventing its flow to higher trophic levels (micro and macrozooplankton) by providing a source of utilizable carbon to bacterial populations, thereby stimulating bacterial production (Fuhrman 1992) . Therefore, an increase in lytic bacteriophage production in the marine environment would result in greater bacterial respiration and production of CO 2 . Viral lysis of host cells also influences the cycling of other essential nutrients in the marine environment, namely nitrogen (N) and phosphorus (P). Cellular components such as nucleic and amino acids are rich in organic P and N respectively, which become available for assimilation by heterotrophic bacteria upon liberation by viral lysis of host cells (Wilhelm & Suttle 1999) .
Viral infection of host cells can result in different types of interactions. Lytic infection, by far the best studied of the virus-host interactions, results in immediate host-cell death via lysis following the replication of viral particles. In lysogeny, the phage genome establishes a silent infection within one of the host's cellular replicons (chromosome, plasmid or another phage genome) (Ackermann & Dubow 1987) . This process proves beneficial to both the host cell and phage. The host cell provides a safe repository for the viral genome in times of low host-cell abundance (Stewart & Levin 1984) , and in turn benefits from the process of conversion, or the expression of phage genes. This can include toxin production, antibiotic resistance, expanded metabolic capabilities, and homoimmunity (resistance to superinfection by the same or closely related phages) (Levin & Lenski 1983) .
The environmental factors that determine lytic versus lysogenic infections by temperate phage are poorly understood. Several studies have suggested that availability of nutrients may have an important influence upon whether viruses enter into lytic or lysogenic interactions with their host cells (Bratbak et al. 1993 , Tuomi et al. 1995 , Wilson et al. 1996 , Wilson & Mann 1997 , Hewson et al. 2001 . Wilson & Mann (1997) proposed that lysogenic interactions are favored when nutrient concentrations are low and the virus to host cell ratio high. Inorganic nutrient limitation, particularly PO 4 -3 , has been suggested as a possible constraint on viral replication and/or prophage induction (Wilson & Mann 1997) . Wilson et al. (1996) found that 100% of Synechocococcus sp. WH7803 cells underwent viral lysis under phosphate-replete conditions, while only 9.3% of the cells were lysed by viruses under phosphate-limited conditions. Similarly, Tuomi et al. (1995) observed a significant decrease in bacterial abundance upon the addition of inorganic phosphate to phosphate-deplete seawater samples from Raunefjorden, Norway. Bratbak et al. (1993) also provided evidence that phosphate limitation resulted in the inhibition of viral replication in the marine coccolithophorid Emiliania huxleyi, and suggested that these results may have been caused by the viruses' high nucleic acid to protein ratio.
The effect that other inorganic nutrients have on virus-host interactions has been less well studied. Hewson et al. (2001) observed a stimulation of viral production in eutrophic waters of the Brisbane River by 14 to 52% above ambient levels upon addition of the inorganic nutrients NO 3 -, NH 4 + , PO 4 3 -and SiO 3, suggesting that inorganic nutrient concentrations may influence viral abundance in aquatic environments.
In this study, we investigated the effect of nutrient addition on prophage induction by bacterial populations in marine water samples obtained from mesotrophic and oligotrophic areas of the Gulf of Mexico during a 2001 research cruise aboard the RV 'F. G. Walton Smith'.
MATERIALS AND METHODS
Sampling sites. Surface-water samples were collected from 4 stations in the Gulf of Mexico during a July 2001 research cruise aboard the RV 'F. G. Walton Smith'. Stns 3 and 7 were both located within the mesotrophic Mississippi River plume, Stn 8 was an oligotrophic open water station, and Stn 10 was located in the Dry Tortugas (see Fig. 1 ).
Viral-reduction of sampled seawater. A modification of the viral-reduction method of Weinbauer & Suttle (1996) was employed to reduce the ambient background levels of viruses in the water samples: Samples were not pre-filtered with a 1.0 µm filter in order to reduce grazers as done by Weinbauer & Suttle (1996) . Using a 47 mm polycarbonate filtration apparatus to reduce the volume to approximately 5 ml, 60 ml of the sample water was filtered through a 0.22 µm Poretics filter. Virus-free seawater was produced by filtration through a 0.02 µm Whatman filter. To the remaining 5 ml of the 0.22 µm-filtered sample, 50 ml of 0.02 µm-filtered sample water was re-added, and the volume was once again reduced to approximately 5 ml through filtration. The bacteria retained on the filter, along with the filter, were resuspended in 40 ml 0.02 µm-filtered virus-free seawater in a sterile, acidwashed, polycarbonate, 125 ml volume flask. The filter was removed and 0.02 µm-filtered virus-free sample water was added to bring the final volume to 60 ml. We then fixed 10 ml of the viral-reduced sample with 0.02 µm-filtered formalin for viral and bacterial direct counts. The remainder of the viral-reduced sample was equally divided (25 ml) and placed in sterile 50 ml Sarstedt test tubes (Corning) for determination of lysogeny.
Enumeration of viruses and bacteria. Water samples were stained according to the Noble & Fuhrman (1998) method except that SYBR gold nucleic acid stain was used (Chen at al. 2001) , and staining time was reduced to 12 min.
Induction of viral-reduced and unaltered samples with mitomycin C. Equal volumes (25.0 ml) of viralreduced and unaltered samples were either treated with the mutagen mitomycin C (1.0 µg ml -1 , Sigma Chemical) or left untreated as controls. All samples were incubated statically at room temperature in the dark for 24 h. Samples were fixed with 0.02 µm-filtered formalin (1% final concentration) following incubation. Triplicate slides were immediately prepared for direct counts as described above and stored frozen until counted.
Induction of viral-reduced and unaltered samples in presence of inorganic and organic nutrients. Unaltered (Stn 3) and viral-reduced (Stns 7, 8, and 10) water samples were treated with either inorganic or organic nutrients in order to determine their influence on prophage induction (Sigma Chemical). Treatment and control samples had the ambient viral population reduced as described previously. Unaltered samples (25 ml) at Stn 3 were either treated with a combination of mitomycin C (1.0 µg ml -1 ) and the inorganic nutrients phosphate (KH 2 PO 4 , 10 µM final concentration), ammonium (NH 4 Cl), or nitrate (NaNO 3 ) (both 50 µM final concentration), or were treated with the inorganic nutrients alone (control). Viral-reduced samples at Stn 7 were either treated with a combination of mitomycin C (1.0 µg ml -1
) and the organic nutrients L-glutamic acid, D-glucose (both 50 µM concentration), d-ATP (2'deoxyadenosine 5' triphosphate), d-AMP (2' deoxyadenosine 5' monophosphate), or 2' deoxyadenosine (all 10 µM final concentration), or were treated with the organic nutrients alone (control). Viral-reduced water samples at Stn 8 were treated with a combination of mitomycin C (1.0 µg ml -1 ) and all the inorganic and organic nutrients listed for Stns 3 and 7 or were treated with the nutrients alone as controls. Viralreduced water samples at Stn 10 were treated with a combination of mitomycin C (1.0 µg ml -1
) and a gradient of PO 4 3 -concentrations (0.1, 1.0 and 10.0 µM), or were treated with the gradient PO 4 3 -concentrations alone (control).
Nutrient analyses. NH 3 , NO 3 -+NO 2 -, and PO 4 3 -concentrations were determined for unfiltered and filtered water samples. For the filtered samples, a Swinex filtration device containing a 0.4 µm Poretics filter was rinsed first with 10 ml 10% HCl in order to clean the filter, and then rinsed again with ultra-pure water (Millipore Milli-Q). All water samples were stored in 30 ml polycarbonate bottles (Nalgene) at -20°C until processing. NO 3 -and PO 4 3 -concentrations were measured with a Technicon AutoAnalyzer. NH 4 + concentrations were measured manually with the phenol/ hypochlorite technique (Grasshoff et al. 1999) .
Statistical analysis of data. The number of viruses and bacteria enumerated following independent treatments were compared using a 1-way analysis of variance (ANOVA) in conjunction with Tukey's pairwise comparison in order to determine statistical differences between treatments, using Minitab statistical software. , accounting for roughly 9.16% of the oligotrophic NE Gulf of Mexico (B. Wawrik et al. unpubl. data) . Surface-water samples that were treated with nutrients and screened for prophage induction comprised those from Stns 3, 7, 8 and 10. Stn 3 was characterized as a mixture of both mesotrophic plume and oligotrophic open water, since it was located within an eddy that had appeared to have developed from the body of the plume. Stn 7 was located along the distal portion of the plume, and Stn 8 was located in oligotrophic, non-plume waters. Stn 10, the most coastal station, was located in the Dry Tortugas.
RESULTS

Fig
Additional station characteristics comprising water temperature, salinity, nutrient data, and N:P ratios are presented in Table 1 . Measurements were taken at Stns 3, 7 and 8 only. Water temperature was similar at all stations, averaging 29.2°C. Salinity measurements ranged from 33.5 to 36.1. The oligotrophic offshore waters of Stn 8 were the most saline (36.1), while the lowest salinity was measured at Plume Stn 7 (33.5). Stn 3 had a salinity intermediate between that of 7 and 8 (34.2) due to the influence of both low-salinity plume water and higher-salinity offshore water.
Dissolved inorganic nutrient levels (NH 3 , NO 2 +NO 3 , and PO 4 3 -) were also measured at Stns 3, 7 and 8, and the N:P ratios calculated. Total inorganic N concentrations were the highest at Plume Stn 3 (2.45 µmol l ). Since P concentrations were similar for all 3 stations (average 0.290 µmol l -1 ), total inorganic nitrogen concentration heavily influenced the N:P ratios. Fig. 2 depicts the effect of inorganic nutrients on virus-like particles ( Fig. 2A ) and bacterial abundance (Fig. 2B) at Stn 3. Incubation of water samples with PO 4 3 -over a 24 h period produced a statistically significant increase in viruses (p < 0.001) compared to all other treatments, including PO 4 -3 and mitomycin C, mitomycin C alone, or nitrogen amendments. The increase in viruses observed in the PO 4 3 -treated samples appeared to be in response to an increase in bacterial abundance (Fig. 2B) in the same samples. For example, the bacterial population did not increase in the unaltered control (t 0 = 6.60 × 10 5 ml -1
; t 24 = 6.86 × 10 5 ml -1
), but increased to 2.14 × 10 6 ml -1 in the sample treated with PO 4 3 -alone, a 224% change. Statistically significant increases in bacteria were observed in the sample treated with PO 4 3 -and mitomycin C (p = 0.032) as well as the sample treated with PO 4 3 -alone (p = 0.004).
The effects of inorganic and organic nutrient addition on virus-like particles and bacterial abundance at Stn 8 are shown in Figs. 3 & 4 respectively. Stn 8 water contained less inorganic nutrients, especially with respect to total inorganic nitrogen concentration. At this station, the addition of both PO 4 3 -and NH 4 + to water samples resulted in statistically significant increases in viral direct counts compared to controls that did not receive inorganic nutrient amendment (with or without mito- : statistically significant increase in viruses or bacteria (95% CI) compared to non-nutrient amended control; (J) mitomycin C-treated (Mit C) controls; (h) untreated controls. Error bars = SD; n = 3 slides mycin C) (p < 0.001) (Fig. 3A) . Similar to Stn 3, the addition of these nutrients to their respective mitomycin C-treated samples did not cause a significant increase in viruses over the samples treated with the nutrient alone, suggesting that lytic production of phage was responsible for the increased viral abundance. The addition of PO 4 3 -to the water sample resulted in an increase in bacterial abundance (Fig. 3B ) compared to the sample that did not receive phosphate treatment, yet the addition of NH 4 + to the sample did not produce a similar result. For the samples treated with mitomycin C, addition of PO 4 3 -, NH 4 + , and NO 3 -did not cause an increase in bacterial abundance compared to the samples that only received mitomycin C.
The effect of organic nutrient addition on prophage induction was investigated at Stns 7 and 8. Results are not shown for Stn 7 since addition of organic nutrients to water samples did not result in any detectable increases in viruses at this station. Conversely, the addition of glutamate, glucose, AMP and adenosine (in combination with or without mitomycin C) to water samples at Stn 8 resulted in all cases in statistically significant increases in virus-like particles over controls that did not receive the same organic nutrient treatment (p < 0.001) (Fig. 4A) . ATP amendment appeared to result in a similar increase in virus-like particles, but the increase was not significant. Similar to the inorganic nutrient results, the addition of mitomycin C to the samples (in combination with the nutrient) did not cause an increase in viral abundance compared to the respective nutrient-amended control (no mitomycin C). In fact, in both situations, viral direct counts were lower in samples that were treated with mitomycin C (in conjunction with a nutrient) than when the nutrient was added alone. Again, this suggests that lytic production of phage was occurring at this station, with no evidence of a nutrient stimulation of prophage induction. : statistically significant increase in viruses (95% CI) compared to non-nutrient amended control; no statistically significant difference was observed in bacterial abundance between mitomycin C-treated and untreated samples. Shading and error bars as for Fig. 2 While nutrient stimulation of bacterial growth (reflected by an increase in bacterial abundance) appeared to be more effective when the organic nutrients were added to samples alone (Fig. 4B) , the addition of mitomycin C to the samples seemed to inhibit bacterial growth. Although bacterial direct counts appeared higher in samples that received the organic nutrient alone, only the sample that was treated with glucose produced significantly higher bacterial numbers than the sample that received no nutrient addition. Fig. 5 shows the results of varying PO 4 3 -concentrations on viral (Fig. 5A) and bacterial (Fig. 5B) abundance in coastal waters of the Dry Tortugas. This is the first station at which a nutrient stimulation of prophage induction occurred (0.1 µM PO 4 3 --treated sample). The addition of 0.1 µM PO 4 3 -to the mitomycin C-treated sample resulted in a statistically significant increase in phage production compared to both the sample that was treated with 0.1 µM PO 4 3 -alone as well as the sample treated with mitomycin C alone. This indicates that the addition of the nutrients to the mitomycin C-treated sample stimulated prophage induction. Statistically significant increases in phage production were also observed in the samples treated with 1.0 and 10.0 µM PO 4 3 -alone versus controls (p < 0.001). The same pattern of viral increase was not detected when these specific concentrations of phosphate were added to the respective mitomycin C-treated samples, indicating that lytic production of phage was responsible for the detected increase in virus-like particles.
The addition of phosphate to water samples did not appear to cause an increase in bacterial abundance at this station compared to the unamended control (Fig. 5B) . Bacterial abundance was statistically higher in the untreated water sample than in samples treated with the gradient of phosphate concentration (p < 0.001). A statistically significant increase in bacterial abundance was also observed in the sample amended with 10.0 µM PO 4 3 -alone compared to the sample treated with 10.0 µM PO 4 3 -and mitomycin C (p = 0.043).
DISCUSSION
In this study, we tested the hypothesis that prophage induction was nutrient-limited, by treating Gulf of Mexico water samples with a combination of nutrients and mitomycin C or with the nutrients alone as controls. Statistically significant increases in virus-like particles did occur on many occasions in nutrienttreated water samples regardless of whether mitomycin C was added or not. These results indicate that lytic, rather than lysogenic, bacteriophage production was stimulated by the addition of certain inorganic and organic nutrients.
A temperate bacteriophage must make a 'lysogenic decision' upon infection of a host cell, meaning the phage must choose whether to follow either the lytic or lysogenic pathway of infection. It is not currently understood what environmental factors influence the lysogenic decision in the marine environment. The molecular control of lysogeny has been well studied in the coliphage λ (Ptashne 1992 , Weaver 1999 . In this system, cellular protease (FtsH) levels determine if a lytic or lysogenic interaction will be established between the virus and its host cell (Kihara et al. 2001) . Cells grown in a rich medium have high levels of FtsH, therefore favoring lytic phage production under nutrient-rich conditions. Our observations of a stimula- : statistically significant increase in viruses or bacteria (95% CI) compared to nonnutrient amended control; ** : statistically significant increase in bacteria (95% CI) compared to mitomycin C-treated sample. s: nutrient-treated controls. Shading and error bars as for Fig. 2 tion of lytic phage production in response to nutrient stimulation of host-cell growth supports the paradigm that nutrient-rich conditions favor lytic interactions with host cells, while nutrient-poor conditions may favor lysogenic interactions. The availability of nutrients in the marine environment often dictates host-cell abundance, and may also be one of the environmental factors that influences lysogeny. Levin & Lenski (1983) suggested that the concentration of nutrients might influence the lysogenic decision by modulating the metabolic activity of the host cell. Several studies have indicated that inorganic nutrient concentrations can modulate heterotrophic bacterial growth. Wheeler & Kirchman (1986) demonstrated that heterotrophic bacterial growth rates were significantly higher following the addition of a mixture of inorganic (ammonium) and organic (glucose) nutrients to Gulf Stream water samples compared to organic nutrients alone (amino acids). Similarly, in another study, the addition of inorganic nitrogen to seawater off Scripps pier (San Diego, California) increased bacterial biomass (Horrigan et al. 1988) . High nutrient concentrations (C, N and P) should support high host-cell abundance, which in turn favors lytic production of viruses. Alternatively, low nutrient concentrations should result in depleted host-cell populations, which should favor the establishment of lysogenic interactions with host cells. Theoretically, the addition of nutrients to water samples containing lysogenic populations of bacteria would stimulate prophage induction by altering the metabolic status of host-cell populations. In this study, the addition of both inorganic and organic nutrients appeared to simply stimulate the growth of bacterial populations, which thereby resulted in significant lytic production of viruses in these water samples.
Neither bacterial production nor mortality by grazing was measured in this study. We feel strongly that increases in bacterial abundance in the presence of nutrients compared to treatments lacking amendments was the result of bacterial growth, and actually represents a net bacterial growth. It has been argued that any increase in bacterial production would be rapidly eliminated by an increase in bacterial grazing (bacterivory). However, we would not expect the protistan population to increase or respond so rapidly (all incubations were ≤ 24 h). For example, viral lysis has been shown to be tightly coupled to bacterial production, as indicated by relatively constant viral to bacterial ratios (VBRs; Choi et al. 2003) . Grazing studies indicate that grazing rates can be highly variable compared to viral mortalities (Choi et al. 2003) . Under non-steady-state conditions (i.e. nutrient amendment) bacterial mortality caused by viruses is generally greater than that caused by bacterivory (Guixa-Boixereu et al. 1999 ).
When nutrient pulses were observed from riverine input into the Bay of Biscay, there was a lag phase between peak abundance of bacteria and nonpigmented flagellates (Iriarte et al. 2003) . This lag phase enabled bacteria to exploit substrate availability without grazing control for several days. 2imek et al. (2003) transplanted microbial populations from a lownutrient environment to a high-P environment and observed increased bacterial production and bacterivory compared to populations maintained under the low-nutrient conditions. There was an increase in bacterial and heterotrophic nanoflagellates and bacterivory in response to the P increase, yet this resulted in increased growth rates of all bacterial phylogenetic groups present. Only in the resource-limited control environment did bacterivory induce significant changes in bacterial community composition. Thus, in the present study, when increases in phage abundance co-occurred with increases in bacterial abundance in nutrient-amended samples, we believe that this was simply the result of nutrient stimulation of heterotrophic bacterial growth. We feel the tight coupling between viral lysis and bacterial growth caused the increase in viruses observed. Additionally, if the increases in viral abundance were due to the induction of prophage, we would have expected there to be a significant increase in the VBR. Conversely, VBRs did not vary significantly from t 0 to t 24 , or between nutrient versus non-nutrient amended samples (data not shown). The relatively constant VBRs also indicate that the observed increases in viral abundance in the nutrient-amended samples were a reflection of bacterial growth.
Several studies have been conducted on natural marine water samples, whereby the concentration of phosphorus has been altered in order to determine the outcome on virus-host interactions, with conflicting results. Some studies have indicated that the addition of phosphorus to water samples enables prophage induction by lysogenic bacterial populations, thereby causing significant decreases in bacterial abundances (Tuomi et al. 1995) , while one study indicated that the addition of phosphorus to natural Gulf of Mexico water samples stimulated bacterial growth (Stewart & Levin 1984) . We observed statistically significant increases in viral abundance at Stns 3, 8, and 10 in response to PO 4 3 -addition, often concurrent with an increase in bacterial abundance in the same samples. Ambient phosphate concentrations at Stn 3 and 8 were very similar (PO 4 3 -concentration at Stn 8 was slightly higher), and both were relatively low in comparison to a coastal environment such as Tampa Bay, Florida (Williamson et al. 2002) . Increases in bacterial abundance at Stns 3 and 8 were most likely in response to the addition of a limiting nutrient essential for growth.
A range of PO 4 3 -concentrations was added to water samples at Stn 10 in order to determine which concentration would be the most efficient at enabling prophage induction. In most cases, the addition of any PO 4 3 -to the system, regardless of concentration, resulted in an increase in viruses in comparison to samples that received no phosphate. Although it appears that nutrient stimulation of prophage induction occurred in the sample treated with both mitomycin C and 0.1 µM PO 4 3 -, it is most likely that lytic production was responsible for the increases in phage observed in the 1.0 and 10.0 µM PO 4 3--treated samples. Although the higher concentrations of phosphate (1.0 and 10.0 µM) may enable prophage induction, these concentrations appear to be more efficient at stimulating lytic phage production. Therefore, any nutrient stimulation of prophage induction that did occur in response to the higher concentrations would go undetected in the presence of phage produced by lytic processes. Similarly, the lower concentration of phosphate (0.1 µM) appeared to be sufficient for stimulation of prophage induction, but was not enough to stimulate or support lytic production of phage. The lower concentration may have enabled the phosphate-limited phage DNA-synthesis required for prophage induction to occur, without stimulating host-cell growth.
The majority of nutrient studies have focused on the modulating effects of phosphorus concentration on virus-host interactions, although some have included nitrogen compounds as well (Bratbak et al. 1993 , Wilson et al. 1996 , Hewson et al. 2001 . Although inorganic nitrogen compounds were added to water samples at 2 stations in the present study, only NH 4 + additions resulted in statistically significant increases in viruses at Stn 8. Total inorganic nitrogen concentration at this station was much lower than at other stations (N:P ratio = 0.668), suggesting that the addition of NH 4 + to water samples encouraged lytic production of viruses in bacteria that may have been Nlimited.
In addition to inorganic nutrients, the effects of organic nutrient addition to water samples on virushost interactions was also investigated at Stns 7 and 8. The addition of organic nutrients to water samples at the mesotrophic Stn 7 did not appear to stimulate viral production compared to controls (data not shown). In contrast, the addition of organic nutrients to water samples at the oligotrophic Stn 8 did result in statistically significant increases in viruses compared to samples that remained untreated. Under nutrient-limiting conditions, heterotrophic bacteria are known to increase their uptake affinity for specific substrates, especially for sugars and phosphate, by lowering substrate-specificity (in the case of sugar compounds) and the use of scavenging enzymes including phospholipases and organophosphatases (Harder et al. 1984 , Poindexter 1987 ). Significant increases in viruses at Stn 8 occurred in response to amino acid (glutamate), monosaccharide (glucose), nucleoside (adenosine), nucleotide (AMP), and high-energy phosphate (ATP) addition. Similar to inorganic addition, it appears that the addition of these organic nutrients to the oligotrophic water samples stimulated the metabolic activity of the ambient bacterial population, thereby encouraging lytic production of viruses.
Although our results indicate that nutrient addition (inorganic and organic) to Gulf of Mexico water samples stimulates lytic but not lysogenic production of viruses, lysogenic populations of bacteria are likely to co-exist in the same environment. The concentration of nutrients in a particular environment is only 1 variable hypothesized to influence lysogenic interactions, so it is not surprising that the addition of various inorganic and organic nutrients in combination with mitomycin C did not cause the transition from lysogenic and lytic existence at the time of sampling. It may be that other environmental factors (that were not investigated) were influencing the transition from lysogenic to lytic infection. Additionally, prophage induction in general may not have been detectable during the 2 wk the samples were taken. In support of this theory, a previous study on the seasonal occurrence of lysogeny in Tampa Bay, Florida, showed that prophage-induction events were detected much more frequently in the winter months (December to March) than during the summer months (Williamson et al. 2002) .
While mitomycin C is very effective at inducing prophage, not all lysogenic bacteria are inducible by this mechanism. Chemical-inducing agents such as a polychlorobiphenyl mixture and Aroclor 1248 have previously been shown to be more efficient at inducing natural populations of lysogenic bacteria in the marine environment (Cochran et al. 1998 ). However, in order that results be strictly comparable to those of other studies on the induction of natural populations, mitomycin C still is the inducting agent of choice. In addition, lysogenic populations may have already undergone induction via natural mechanisms (such as exposure to UV radiation), and therefore would remain undetected.
Even though the results of our study appear to indicate that prophage induction in mesotrophic and oligotrophic areas of the Gulf of Mexico was not nutrient-limited at the time of sampling, an alternative interpretation of the data suggests that nutrient amendment of water samples may have stimulated prophage induction, but that the overall nutrientlimited status of the host cells prevented successful phage synthesis of nucleic acid or phage particle assembly. This scenario is unlikely, since host-cell abundance increased in response to nutrient addition; therefore, nutrient amendment of water samples appeared to cause a general increase in the growth rate of host cells, which in turn resulted in an increase in lytic phage production.
